The pulsed-field gel electrophoresis (PFGE) pattern of SmaI digests of 29 strains of Lactococcus lactis subsp. lactis and subsp. cremoris were determined. Unrelated strains yielded markedly different patterns of digestion products. Bacteriophage-resistant derivatives of four strains, generated by a method analogous to that used regularly in some cheese factories, yielded patterns that were identical or almost identical to that of the parent strain. It is proposed that a 16-h PFGE run with a pulse time increasing linearly from 1 to 20 s, which separates fragments between 50 and 240 kilobase pairs (kbp) and produces a pattern containing around 15 bands, can be used as a reliable procedure for strain identification in the lactococci. SmaI digests of 24 of the strains were analyzed by PFGE at three different pulse times to determine accurately the sizes of fragments bigger than 8 kbp. The sum of the sizes of all of the fragments in the digest of a strain provided an estimate of the genome size of the strain. For all the strains analyzed, this estimate was within the range of 2.0 to 2.7 Mbp, with no apparent difference between L. lactis subsp. lactis, L. lactis subsp. lactis biovar diacetylactis and L. lactis subsp. cremoris strains.
Lactococcus lactis subsp. lactis and subsp. cremoris are used extensively in the manufacture of cheese and other cultured dairy products. Through centuries of use, an extensive range of strains of lactococci has evolved. These strains differ in many industrially important properties, such as rate and extent of acid production, sensitivity to bacteriophage infection, ability to break down casein, and the flavor and texture conferred on the manufactured product. Because of these differences, the production of high quality cheese requires continuing close attention to the choice and maintenance of starter strains, yet no satisfactory technique for typing and confirming strains has been established.
The molecular details of the genetic differences between strains of lactococci are poorly understood. The realization that a number of the genetic determinants for the properties listed above are plasmid encoded has led to a detailed analysis of the conjugative and molecular properties of some of these plasmids (2, 15, 18) . Plasmid profile patterns, ascertained by agarose gel electrophoresis, have been found to be useful in distinguishing some strains and evaluating their relatedness (5, 6) . However, the scope of this approach is limited because of the inherent instability of some plasmid DNA.
Little attention has been directed towards investigating the properties of the lactococcal chromosome or determining if it exhibits any strain-specific features. The L. lactis chromosome has a G+C content of 36.8 to 37.3% (14) and, on the basis of renaturation kinetics data, a size of 2.8 to 3.1 megabase pairs (Mbp) (12) . The low G+C content means that restriction endonucleases with recognition sequences rich in G and C nucleotides should digest the L. lactis chromosome infrequently, yielding a small number of large fragments that may be separated by pulsed-field gel electrophoresis (PFGE). Le Bourgeois et al. (16) have recently used PFGE to compare restriction patterns of genomic DNA from * Corresponding author.
Lactococcus strains, Enterococcus faecalis, Streptococcus sanguis, and Streptococcus thermophilus.
In this paper, we describe the use of PFGE of SmaI digests of high-molecular-weight genomic DNA as a means of characterizing the chromosome of 29 lactococcal strains. We found that different lactococcal strains yielded different restriction patterns and that derivatives of strains, rendered phage resistant by methods similar to those used in dairy factories, had a restriction pattern that was identical or closely related to that of the parent strain. We propose this technique as a simple and reliable method for the identification of lactococcal strains and studying their evolution.
MATERIALS AND METHODS
Bacterial strains and phages. The lactococcal strains used in this study were obtained from the Commonwealth Scientific and Industrial Research Organization (CSIRO) Dairy Research Laboratory Culture Collection unless specified otherwise (Table 1) . Strains were stored at -70°C in skim milk and grown at 30°C in M17G (M17 medium [25] supplemented with 0.5% [wt/vol] glucose).
Preparation of genomic DNA in situ in agarose blocks. The method used to prepare genomic DNA in situ in agarose blocks was adapted from that described elsewhere (23) . An overnight culture of L. lactis was diluted (1:100) in fresh broth and grown at 30°C to an Awo of 0.6 (approximately 4 h). Chloramphenicol was added (100 ,ug/ml, final concentration) and the incubation was continued for 1 h. The cells from 1.5-ml samples of the culture were harvested by centrifugation for 1 min in an Eppendorf microcentrifuge, washed with 1.5 ml of 1 M NaCl-10 mM Tris chloride (pH 7.6), resuspended in 300 ,u1 of the same solution, and mixed with 300 ,ul of 2% (wt/vol) agarose before solidifying in molds. The cells were lysed in situ with EC buffer (6 mM Phage adsorption assays. The adsorption of phage to L. lactis strains was measured in M17G supplemented with 10 mM CaCl2, by a procedure similar to that described previously (22) .
RESULTS
Restriction endonuclease digestion patterns of L. lactis subsp. lactis LM0230 genomic DNA. High-molecular-weight genomic DNA of L. lactis subsp. lactis LM0230, a plasmidfree derivative of strain C2 (Table 1) , was digested with a number of endonucleases with recognition sequences that are rich in G+C or that include CTAG, CGG, and CCG, sequences that have been reported to be rare in procaryote DNA (17) . Digestion of the DNA with SmaI appeared to be the most suitable for strain identification, since the resulting pattern was not too complex ( Fig. 1 ) but contained sufficient fragments to allow differences between strains to be detected. Both NotI and Sfil produced too few fragments, and ris yielded distinctive SmaI digestion patterns after electrophoresis under the same conditions ( Fig. 3B and C) . The pattern was different for each strain, although some common bands were observed. These data suggested that SmaI digestion patterns of genomic DNA can be used to differentiate between (and therefore identify) strains of L. lactis.
SmaI digestion patterns of genomic DNA of phage-resistant derivatives of Lactococcus strains. A number of Lactococcus strains were used for the derivation of phage-resistant strains by a procedure analogous to that used regularly in some cheese factories (11 Fig. 4A and B. The patterns for all the derivatives were identical to that of the parent, except for one derivative (Fig. 4A, lane 2 SmaI digestion patterns were identical to that of the parent (Fig. 4C) . For the fourth strain used, L. lactis subsp. lactis HP, all 10 phage-resistant derivatives were also adsorption mutants and the SmaI digestion patterns were identical to that of the parent, except that two bands, migrating at 150 and 40 kbp in the parental pattern, were absent from the patterns of the derivatives (Fig. 4D) . Densitometry measurements showed that both of these bands were of weaker intensity than the adjacent bands in the same lane, indicating that they contained fragments that were submolar in quantity or that migrated anomalously for their size. A plasmid(s) that was not digested by SmaI and that was present in several physically different forms would yield this type of electrophoresis pattern. Since L. lactis subsp. cremoris strains carry a relatively large complement of plasmids (27) , it is possible that these bands in the parent were due to a plasmid(s) that was cured during the isolation of the phageresistant derivatives. All 10 derivatives of L. lactis subsp. cremoris HP were Lac' and Prt+, indicating that neither the Lac nor the Prt plasmids had been lost during derivatization.
Genome size of L. lactis. By using three different sets of pulse times, it was possible to resolve all the SmaI fragments larger than 8 kbp (Fig. 2) The SmaI digestion patterns of strains C2 and 712 were indistinguishable and hence their genome sizes were found to be identical (Table 3 ). The only observed difference between the SmaI digestion patterns of strain MG1363 and its parent, strain 712, was the presence of a 182-kbp fragment in MG1363 in place of a 220-kbp fragment in 712 ( Table 3 ). The loss of this 38 kbp of DNA may have been associated with the curing of prophage that occurred in the construction of strain MG1363 (8, 9) . The differences between strain LM0230 and its parent, strain C2, were more pronounced; the sizes of the largest fragment in each digest were different; one of the 220-kbp fragments of C2 was replaced in LM0230 by a 182-kbp fragment; a fragment of 104 kbp, present in C2, was absent from LM0230. Consequently, the genome size of LM0230 was estimated to be 220 kbp less than that of C2. The presence of more differences between LM0230 and C2
than between MG1363 and 712 may have been a consequence of stronger treatment in the derivation of LM0230 compared with that used in the derivation of MG1363 ( Table  1 ). The strains ML3 and C2 have also been reported to be closely related and possibly identical (6) . The SmaI digestion pattern of ML3 was almost identical to that of C2 (data not shown), as would be expected for two strains having this close relationship. The number of SmaI fragments and the genome sizes of four L. lactis subsp. lactis biovar diacetylactis strains (Table  4 ) and nine L. lactis subsp. cremoris strains (Table 5) were within the ranges that were observed for the L. lactis subsp. lactis strains.
DISCUSSION
The data presented above establish PFGE as a technique suitable for strain identification in the lactococci. The technique is dependent on strain-specific variations in the size of the DNA fragments generated after digestion of high-molecular-weight genomic DNA with SmaI. The size of fragments detected by this technique ranged between 8 and 800 kbp. While this range is too broad for all of the fragments to be resolved satisfactorily in one electrophoretic separation, it is possible to separate the majority of them in a single electrophoretic analysis by ramping the pulse time from 1 to 20 s. Under these conditions, which separate fragments between 50 and 240 kbp, a diagnostic electrophoretic pattern containing 15 or more bands was obtained for each of the strains investigated.
To test the potential industrial usefulness of this technique, we examined the SmaI digestion patterns of phageresistant L. lactis strains that had been derived in the laboratory by a procedure analogous to that used regularly in some cheese factories (11) . In all cases, the pattern of the phage-resistant derivative was either identical to that of the parent or differed to only a minor extent. We conclude that this technique would be of value to the cheese maker who uses the derivation procedure by enabling a clear distinction to be made between derivatives of the parent strain and contaminants which can easily be selected by the derivation procedure (5) . A recent analysis of factory-derived strains collected from some Australian cheese factories (A. Ward, B. E. Davidson, and A. J. Hillier, unpublished observations) has confirmed the industrial usefulness of the technique.
In a wider context, the availability of a simple and reliable method for typing lactococcal strains should be of benefit in both industry and the laboratory. Existing methods for maintaining culture stocks of lactococcal strains depend heavily on the accuracy and sterility of the subculturing to preserve strain identity, since the procedures for strain typing have limited discriminatory properties. These procedures involve the determination of one or more of the following properties: the susceptibility to infection by different phage groups (4), plasmid profile patterns (6), gel electrophoresis patterns of soluble proteins (13) , and the ability to carry out a wide range of metabolic functions (20) . The technique of generating genomic SmaI digestion patterns is not labor intensive, uses inexpensive apparatus, and takes 7 days to complete, commencing with a colony of the strain being investigated. Moreover, this technique of strain typing has a sounder theoretical base than any of the other methods, because it is based on the analysis of the genome itself rather than the analysis of phenotypic characteristics.
The differences in the patterns may be due in part to point mutations that have produced SmaI sites in different locations in the genome. However, the observation of straindependent differences in apparent genome sizes suggest that other factors are also involved. Chromosomal rearrangements involving deletions, insertions and inversions have been described in enteric bacteria (21) and Pseudomonas spp. (10) . These rearrangements may be facilitated by transposable elements, integrated plasmids, and prophages. For Escherichia coli W3110, which has a genetically characterized chromosomal inversion, it has been demonstrated that the inversion causes a change in the NotI PFGE pattern (24) . 
